Introduction
Amplitude-integrated electroencephalography (aEEG) monitoring is increasingly utilized in monitoring the brains of newborns. 1 aEEG can evaluate background cerebral activity, detect electroencephalographic seizure activity, assist in predicting outcomes and aid in the selection of infants for neuroprotective strategies. 2 During evaluation of compressed aEEG tracings, clinicians and researchers often use the term 'sleep-wake cycling' (SWC) to describe the periodical change in the pattern of aEEG neonatal recording ( Figure 1 ). However, SWC is a biological term that refers to a pattern of alternating sleeping and waking states. Term-born infants sleep for B16 h each day, 3 and their patterns of wakefulness do not appear to be as frequent as the 20-to 30-min cycling observed on the aEEG. 4 Additionally, the importance of cyclicity has been underscored by aEEG users because its presence or absence in term asphyxiated infants has a prognostic value that is independent of that of the background classification. [4] [5] [6] Evidence from conventional EEGs, however, suggests that the absence of cyclicity on an aEEG in asphyxiated infants constitutes a continuum consisting of a suppressed aEEG background pattern. Thus, this article will discuss the usefulness of treating cyclical aEEG patterns as representative of SWC versus treating it as variation in background EEG activity.
How are sleep/awake states in the newborn defined? At term equivalent postmenstrual age, it is possible to differentiate between five conscious states of the newborn infant: wakefulness, drowsiness, active sleep (AS), quiet sleep (QS) and indeterminate sleep (IS). IS is a sleep state which does not fulfil AS and QS criteria. In general, the definition of these states in the newborn is based on a combination of EEG and several physiological parameters including electrooculograms, body movements, respiration and chin electromyograms. According to the criteria proposed by Rechtshaffen and Kales 7 and the guidelines of the American Academy of Sleep Medicine, 8 current investigators have tended to define sleep/wake state in the newborn in terms of two variables, EEG and rapid eye movement (REM). 9, 10 This restricted definition may be acceptable from a practical perspective, but has its limitations. First limitation is that it is difficult to differentiate wakefulness from AS using only these two measures and without behavioral observation of eyes open or vocalization. Second, because the EEG feature changes dramatically with increasing postmenstrual age, the preterm EEG, with its discontinuous background, is often defined as having longer periods of QS. This is not accurate because more immature infants have more IS, indicating the immaturity of the organization of each parameter in terms of its ability to represent distinct sleep states. Third, the background EEG is often altered by pathological conditions, including asphyxia, brain injury and medications. Under such conditions, EEG-defined sleep states are not necessarily consistent with the accurate sleep states. For example, the asphyxiated term infants may demonstrate a prolonged discontinuous background, which, by EEG-based definition, could be classified as prolonged QS. However, asphyxiated term infants actually show decreased QS when this state is defined by three physiological parameters of REM, body movements and respiration. 11 As a result, considering all aspects of the current neonatal intensive care, it is more practical option to define sleep/wake state in the newborn, including the preterm infant, based on the three reliable physiological parameters of REM, body movements and respiration except EEG, as has been done by several early investigators. [12] [13] [14] When referring to cyclicity on aEEG, it is important to recognize that one is evaluating only the cyclicity of EEG amplitude and not the other parameters related to the sleep/wake state. Additional characteristics, at least including REM should be evaluated to define the sleep/wake state before the term SWC is used to discuss the aEEG in the newborn.
What does cyclicity on aEEG tracings reflect?
Use of a standard eight-channel EEG enables identification of four different patterns of EEG background activity in one sleep cycle in healthy term infants: low-voltage irregular (LVI), mixed (M), high-voltage slow (HVS) and tracé alternant (TA).
12 Figure 2 shows a conceptual schematic relationship between EEG patterns and a sleep cycle, which is established by 35 to 36 weeks of postmenstrual age. M appears at the beginning of sleep and is followed by HVS. TA then appears after HVS and is followed by LVI. One cycle of four EEG patterns is thought to require 40 to 60 min. 15 LVI and M are often observed during AS, whereas HVS and TA are almost always observed during QS when sleep states are defined based on physiological parameters. This simplified scheme is not always fully consistent in practice, because normal sleep cycle is easily disrupted and altered by external stimuli and because mentioned previously, but assists in understanding the relationship between cyclicity in EEG patterns and sleep states in normal term infants.
The aEEG trace is generated from raw EEG data after filtration, amplification, rectification, smoothing and compression and is displayed on a semilogarithmic scale. 16 The higher amplitude EEG activity contributes to the upper margin of the aEEG trace, whereas lower amplitude EEG activity contributes to the lower aEEG margin. The aEEG bandwidth therefore reflects the difference in voltage between maximal and minimal amplitude activity. When in a short period of time the EEG activity repetitively changes between high and low amplitudes, the aEEG bandwidth appears wider. On the other hand, when the EEG activity does not fluctuate, the aEEG bandwidth appears narrower. Thus, cyclicity on an aEEG is derived from repetitive changes between continuous and discontinuous EEG activity. In term infants, LVI, M and HVS on conventional EEG correspond to the continuous background, resulting in a narrower bandwidth on aEEG. Only TA corresponding to a more discontinuous background, results in a wider bandwidth (see Figure 1) . In preterm infants, the correlation between EEG patterns and sleep states are more complicated because immaturity in the organization of each physiological parameter leads to an increased prevalence of IS. However, aside from sleep states, we can clearly observe a similar alternation of continuous and discontinuous backgrounds based on conventional EEG data starting at B28 weeks of postmenstrual age 11 and even before. 17 The maturation of neuronal network related to sleep states Interestingly, recent authors report that the similar cyclical changes can be observed on aEEG even at 24 weeks of postmenstrual age, 18 although it seems to include the sporadic changes on aEEG trace without constant periodicity. Between 20 and 28 weeks of gestation, spontaneous cyclical motor activity including limbs movements and REM can be observed. The rest-activity cycles last between 40 and 60 min, and its quiescence periods show reduced responsiveness to environmental stimuli, indicating existence of an ultradian behavioral activity. It may result from rudimental alternating activity of the specific nuclei of the hypothalamus and the mesopontine brain stem. 20 Recent studies also suggest that such spontaneous motor activity have an important role to promote the cortical development, organization and probably cyclical rhythm. 21 Cyclical cerebral activity on aEEG appears to emerge parallel to these intrinsic and extrinsic rhythms in the brain. Beginning at B30 weeks of postmenstrual age, physical parameters of REM, body movement and respiration are gradually integrated and organized towards establishing distinct sleep patterns of AS and QS. Thus, when one considers the maturation of neuronal network related to sleep in the preterm brain, the use of the terms SWC or 'sleep-state cycling' in reference to an aEEG would be inappropriate.
When we compared the organization of the neuronal networks involved in sleep stages between term infants and older ages, it remains immature at 40 weeks postmenstrual age. Indeed, EEG patterns in AS and QS demonstrate different features from those in REM and non-REM (NREM) sleep in adults, respectively. TA pattern in QS is generated from the different neurophysiological basis from stage 3/4 NREM sleep, which is characterized by synchronization of corticothalamic loops in older ages. 22 Additionally, sleep spindles and K-complexes, which are striking EEG features characteristic of stage 2 NREM sleep in older ages, are never seen in the newborn, because the GABAergic inhibitory system in thalamic reticular neurons generating those waveforms is not yet established. 23 Thus, even though sleep in term infants can be scored as REM and NREM as that in adult, the underlying neurophysiological basis is different. It causes a challenge in defining sleep/wake state in the newborn.
Absence of cyclicity as a suppressed aEEG background Discordance between EEG-defined and behaviorally/physiologically defined sleep/wake states is particularly significant when the absence of cyclicity on aEEG is assessed in asphyxiated infants. As already mentioned previously, the asphyxiated term infant who demonstrates a prolonged discontinuous background on EEG may be classified as prolonged QS according to an EEG-based definition. However, asphyxiated term infants actually show decreased QS. Another example is the infant who had unilateral brain injury and demonstrated absence of cyclicity only on the aEEG recorded on the affected hemisphere. 16 The dissociation between hemispheres indicates that absence of cyclicity on aEEG reflects abnormally suppressed EEG activity, and does not necessarily guarantee the lack of sleep/wake functioning in the brain.
Several classifications have been proposed to evaluate the suppressed background on conventional neonatal EEGs, principally based on the magnitude of the low-voltage, decreased-continuity and prolonged-interburst intervals. 24, 25 A unique grading system for suppressed EEG background was proposed by Watanabe et al. 11, 26 30 years ago in term infants. This classification determines suppression patterns of EEG activity and thus assists in determining the meaning of cyclicity in aEEG of asphyxiated infants. Watanabe reported on infants' behaviors and simultaneous polygraphical conventional EEGs over the course of many hours and reported an association between scaled EEG depression and the severity of brain injuries in infants with hypoxic-ischemic encephalopathy. Table 1 reviews his classification of the suppressed background in EEGs. He noted that a diminished number of distinct EEG patterns were strongly associated with adverse outcomes in asphyxiated infants. Because different EEG patterns result from different neurophysiological pathways, this classification reflects regionally altered neurophysiological brain functioning in the newborn brain. For example, HVS first emerges at B35 to 36 weeks of postmenstrual age and corresponds to the slow-wave sleep demonstrated at older ages. 27 Delta waves in this segment result from the synchronization of corticothalamic loops and corticocortical neuronal connections, 22, 28 and has a different neurophysiological basis from delta waves seen in preterm infants. Disappearance of HVS (e.g., mild or more severe depression) reflects a dysfunction in the electrical activity of the corticothalamic circuits, which may be a more sophisticated neural system and thus more vulnerable compared with the neurophysiological pathways related to LVI or M. The validity of the classification was also supported by the data on heart rate variability based on ECG RR intervals. 29 According to this classification, the presence of cyclicity on an aEEG corresponds to the existence of alternative changes of continuous (e.g., LVI, M and HVS) and discontinuous patterns (e.g., TA or TD) on a conventional EEG. In contrast, the absence of cyclicity on aEEG corresponds to the lack of the alternation 30 As a result, it is reasonable to think that absence of cyclicity on aEEG is a reflection of the sequence of the suppressed background patterns of aEEG following cerebral injury or dysfunction, and it can be regarded as a part of background classification. Indeed, a burst-suppression pattern, continuous lowvoltage pattern and flat-tracing pattern, in terms of the background classifications for aEEG offered by Hellström-Westas, 31 always lack cyclicity, whereas a continuous normal-voltage pattern should display cyclicity. 15 The presence or absence of cyclicity on an aEEG is noted in relation only to the discontinuous normal-voltage pattern of this grading system on aEEG, which can further be classified into separate grades based on presence or absence, or quality of cyclicity as Watanabe's classification indicates.
Conclusion
We suggest that the term SWC in the context of aEEG should be referred to as cyclicity on aEEG tracings, which would provide a more appropriate understanding of the neurophysiological basis for this phenomenon. The changes in cyclicity on an aEEG are a more robust reflection of the sequence of suppressed background patterns of an aEEG following cerebral injury or dysfunction than of sleep/ wake states. An enhanced understanding of the relationship of the patterns on aEEGs is possible with parallel conventional EEGs and video/behavioural monitoring.
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